A new way is found to discover and examine unknown neutron-rich heavy nuclei at the 'north-east' part of the nuclear map. This 'blank spot' of the nuclear map can be reached neither in fusion-fission reactions nor in fragmentation processes widely used nowadays for the production of new nuclei. The present limits of the upper part of the nuclear map are very close to stability while the unexplored area of heavy neutron-rich nuclides along the neutron closed shell N = 126 (to the east of the stability line) is extremely important for nuclear astrophysics investigations and, in particular, for the understanding of the r-process of astrophysical nucleogenesis. A novel idea is proposed for the production of these nuclei via low-energy multi-nucleon transfer reactions. The estimated yields of neutron-rich nuclei are found to be rather high in such reactions and several tens of new nuclides can be produced, for example, in the near-barrier collision of 136 Xe with 208 Pb. This finding may spur new studies at heavy-ion facilities and should have significant impact on future experiments.
Introduction
In recent years, the study of exotic nuclei located far from the stability line has been of increased interest from experimental and theoretical points of view and the progress in the investigation of these nuclei has been impressive. Nowadays, nuclei far from stability are accessible for experimental study in almost any region of the map of nuclides. The only exception is the north-east part where a vast blank spot is still unexplored. The present limits of the upper part of the nuclear map are very close to stability while the unexplored area of heavy neutron-rich nuclides (to the east of the stability line) is extremely important for nuclear astrophysics investigations and, in particular, for the understanding of the r-process of astrophysical nucleogenesis. According to a recent report by the National Research Council of the National Academy of Sciences (USA) the origin of heavy elements from iron to uranium remains one of the 11 greatest unanswered questions of modern physics (see, for example, [1] ) and it is likely to remain a hot research topic for the years to come. The r-process path is located (and interrupted by fission) just in the region of unknown heavy nuclei with a large neutron excess. The neutron shell N = 126 (and Z ∼ 70) is the last 'waiting point' on this path. The half-lives and other characteristics of these nuclei are extremely important for the r-process scenario of the nucleosynthesis [2] . Study of the structural properties of nuclei along the neutron shell N = 126 could also contribute to the present discussion of the quenching of shell effects in nuclei with large neutron excess.
As a rule, new (neutron and proton rich) isotopes located far from the stability line are obtained in the fragmentation (spallation) processes at intermediate colliding energies, in fission of heavy nuclei and in low-energy fusion reactions. Two first methods are extensively used today for the production of new isotopes in the light and medium mass region including those, which are close to the drip lines. For example, in the fragmentation of the 48 Ca beam with energy of about 140 MeV per nucleon the neutron-rich nuclides 44 Si, 42 Al and 40 Mg have been observed recently [3, 4] with extremely low cross section of their production at the level of 1 pb. In this region of the nuclear map the neutron drip line may stretch up to very exotic nuclei like 40 O [5] . Due to the 'curvature' of the stability line, in the fusion reactions of stable nuclei we may produce only proton-rich isotopes of heavy elements. For example, in fusion of neutron-rich 18 O and 186 W nuclei one may get only the neutron deficient 204 Pb excited compound nucleus, which after evaporation of several neutrons shifts even more to the proton-rich side. This is the main reason for the impossibility of reaching the center of the 'island of stability' (Z ∼ 114, 120 and N ∼ 184) in the superheavy mass region in fusion reactions with stable projectiles. Because of that we also have almost no information about neutron-rich isotopes of heavy elements located in the 'north-east' part of the nuclear map-for example, there are 19 known neutron-rich isotopes of cesium (Z = 55) and only 4 of platinum (Z = 78).
In this paper we propose to fill this 'blank spot' of the nuclear map by the production of new heavy neutron-rich nuclei in the multi-nucleon transfer processes of low-energy collisions of heavy ions. It is well known that in the deep inelastic (damped) collisions of heavy ions the relative motion energy is quickly transformed into the internal excitation of the projectile-like and target-like reaction fragments which are de-excited then by evaporation of light particles (mostly neutrons). This does not seem to give us a chance for the production of nuclei with large neutron excess in such reactions. However, if the colliding energy is rather low and the reaction Q-value is not very high, the formed primary reaction fragments might not be very much excited and will descend to their ground states after evaporation of a few neutrons thus remaining far from the stability line. The question is how big is the cross section for the multi-nucleon transfer reactions at low colliding energies. Recently, it has been shown experimentally that even at low-collision energies of heavy ions (close to the Coulomb barrier) the cross sections for transfer of several protons and neutrons are still rather high [6, 7] , and these reactions could be considered as an alternative way for the production of exotic nuclei.
Another possibility for the formation of neutron-rich heavy nuclei is the quasi-fission decay of superheavy nuclear systems formed, for example, in the low-energy collision of 48 Ca with 248 Cm. In this case many reaction fragments in the lead region really appears [8] . All these fragments are also highly excited (result of large positive reaction Q-values) and should evaporate many neutrons, thus shifting to the stability line. However neither experimental nor theoretical studies of the isotope distributions of the elements in the lead region formed in the quasi-fission reactions have been performed yet.
Here we investigate a possibility for the production of new heavy neutron-rich nuclei both in the low-energy multi-nucleon transfer reactions and in the quasi-fission decay of superheavy nuclear systems.
The model
Several models have been proposed and used for the description of mass transfer in deep inelastic heavy-ion collisions, namely, the Focker-Planck [9] and master equations [10] for the corresponding distribution function, the Langevin equations [11] and more sophisticated semiclassical approaches [12] [13] [14] . We employ here the model of low-energy collisions of heavy ions proposed in [15, 16] . This model is based on the Langevin-type dynamical equations of motion. The distance between the nuclear centers R (corresponding to the elongation of a mono-nucleus), dynamic spheroidal-type surface deformations β 1 and β 2 , and mass asymmetry η =
are the most relevant degrees of freedom for the description of deep inelastic scattering and fusion-fission dynamics. To describe properly the yield of different isotopes of a given element (including the extremely neutron-rich ones) one needs to consider separately neutron and proton transfers. Here we extend our model and (instead of only one mass-asymmetry variable) take into consideration the neutron and proton asymmetries, CN , where N and Z are the neutron and proton numbers in one of the fragments, whereas N CN and Z CN refer to the compound nucleus. This noticeably complicates the problem because of the necessity to deal with the five-dimensional potential energy surface V (R, β 1 , β 2 , η N , η Z ). As before, we restrict ourselves to the consideration of only one quadrupole dynamic deformation variable β instead of independent deformations β 1 and β 2 of two fragments. We assume 'equality of forces', i.e., C 1 β 1 = C 2 β 2 , where C 1,2 are the LDM stiffness parameters of the fragments. Using this ratio and β 1 + β 2 = 2β the deformations of the fragments are derived from the common variable β.
The potential energy is calculated within the double-folding procedure at the initial (diabatic) reaction stage and within the extended version of the two-center shell model [17] at the adiabatic reaction stage. Thus, for the nucleus-nucleus collisions at energies above the Coulomb barrier we use a time-dependent potential energy, which after contact gradually transforms from a diabatic potential energy into an adiabatic one: [15] . Here t is the time of interaction and f (t) is a smoothing function satisfying the conditions f (t = 0) = 0 and f (t τ relax ) = 1, τ relax is the adjustable parameter ∼10 −21 s. Note that the diabatic, V diab , and adiabatic, V adiab potential energies depend on the same variables and are equal to each other for well-separated nuclei. Thus, the total potential energy, V (R, β, η N , η Z ; t), is quite a smooth function of t providing smooth driving forces −∂V /∂q i .
For all the variables, with the exception of the neutron and proton asymmetries, we use the usual Langevin equations of motion with the inertia parameters, μ R and μ β , calculated within the Werner-Wheeler approach [18] . For the mass and charge asymmetries the inertialess Langevin-type equations can be derived from the master equations for the corresponding distribution functions [15] 
where (t) is the normalized random variable with Gaussian distribution, and D (1) , D (2) are the transport coefficients.
Assuming that sequential nucleon transfers play a main role in the mass rearrangement, i.e. A = A ± 1, we have
where the macroscopic transition probability λ 
− E rot and, thus, on all the degrees of freedom used in the model. There is no information in the literature on the difference between neutron and proton transfer rates, and for simplicity we assume here that λ
, where λ 0 is the nucleon transfer rate which was estimated to be ∼10 22 s −1 [9, 10] . We treat λ 0 as a parameter which should be chosen from the appropriate description of the available experimental data on mass transfer in deep inelastic scattering and quasi-fission [15, 16] .
For separated nuclei nucleon exchange is determined by the extension of the tails of the single particle wavefunctions. This intermediate nucleon exchange plays an important role and has to be taken into account in equation (1) . It can be treated by using the following final expression for the transition probability:
Here P tr N,Z (R, β, A → A ± 1) is the probability of one nucleon transfer, which depends on the distance between the nuclear surfaces and the nucleon separation energy. This probability goes exponentially to zero at R → ∞ and is equal to unity for overlapping nuclei. Here we used the semiclassical approximation for P tr N,Z proposed in [19] . Equations (1)-(3) define a continuous change of charge and mass asymmetries in the whole space (obviously, dη N,Z /dt → 0 for far separated nuclei).
The double differential cross-sections of all the processes are calculated as follows:
Here N N,Z (b, E, θ) is the number of events at a given impact parameter b in which a nucleus (N, Z) is formed with kinetic energy in the region (E, E + E) and center-of-mass outgoing angle in the region (θ, θ + θ ), N tot (b) is the total number of simulated events for a given value of the impact parameter. Expression (4) describes the mass, charge, energy and angular distributions of the primary fragments formed in the binary reaction. Subsequent de-excitation cascades of these fragments via emission of light particles and gamma-rays in competition with fission are taken into account explicitly for each event within the statistical model leading to the final distributions of the reaction products. The sharing of the excitation energy between the primary fragments is assumed to be proportional to their masses.
Low-energy multi-nucleon transfer reactions
The model was already successfully applied for the description of the angular, energy and mass distributions of reaction products observed in the deep inelastic scattering of heavy ions at above barrier energies [15, 16] . However we have to test our model for applying it also for the description of multi-nucleon transfer reactions at energies close to the Coulomb barrier. We used the same values of the model parameters as in [16] and, in particular, the nucleon transfer rate was fixed to λ 0 = 0.05 × 10 22 s −1 . This rather small value was found to be sufficient to reproduce the mass distributions of reaction products in low-energy deep inelastic scattering of heavy ions.
In [6] light and heavy reaction products in collisions of 58 Ni with 208 Pb were measured at E lab = 328.4 MeV. This energy is only 10 MeV higher than the Bass barrier for these nuclei. The potential energy of the nuclear system formed in this reaction is shown in figure 1 for the configuration of two touching nuclei depending on neutron and proton rearrangement. As can be seen, neutron pick-up and proton stripping from 58 Ni are the most favorable (downward descent along the potential energy surface). Indeed, the calculated cross sections, d
2 σ/dZ dN reveal such behavior ( figure 1(b) ) and agree well with experimental data shown in figures 2 and 3. Thus, at low-colliding energies even in reactions with a few nucleon transfer the driving potential V (η N , η Z ) regulates significantly the transfer probability. For multi-nucleon exchange and for quasi-fission its role obviously increases.
Nucleon transfer in the heavier nuclear system, 82 Se+ 238 U, was studied in [7] at an incident laboratory energy of 500 MeV (E cm = 372 MeV, Bass barrier is 316 MeV). The calculated and experimental charge distributions of the projectile-like fragments for this reaction (integrated over energy, angle and mass of detected fragments) are shown in figure 4. Unfortunately this distribution overlaps significantly with the fission fragments of the excited target-like primary nuclei. However, as the authors claim, the spectrometer used in the experiment was optimized for the detection of the transfer products and therefore the contamination from the fission fragments is minimal [7] .
The yield of different isotopes of the projectile-like elements with Z = 30, 32 and 34 is shown in figure 5 . In spite of rather high incident energy used in this experiment (56 MeV above the Coulomb barrier) extremely neutron-rich nuclei (for example, 80 Zn) are formed with cross sections of several microbarns. It is explained partially by negative Q-values for such 82 Se with 238 U target at 500 MeV laboratory energy. The experimental data are from [7] . reaction channels-Q( 82 Se + 238 U → 80 Zn + 240 Cm) = −30 MeV, which reduces somewhat the transfer probability but also the excitation energy of the formed fragments giving them a chance to survive after evaporation of a few neutrons.
Production of new heavy neutron-rich nuclei in transfer reactions
The satisfactory agreement of our calculations with available experimental data (see figures 2-5) gives us confidence in receiving rather reliable estimations of the cross sections for Figure 6 . Landscape of the potential energy surface of the nuclear system formed in the collision of 238 U with 248 Cm (contact configuration, dynamic deformation β 2 = 0.2, contour lines are drawn over 1 MeV energy interval). Open circles correspond to the most neutron-rich nuclei synthesized in 48 Ca induced fusion reactions while the filled ones show SH nuclei produced in the 'cold' fusion with lead target. The dotted line shows the most probable evolution in the multi-nucleon transfer process. low-energy multi-nucleon transfer reactions leading to the formation of new heavy neutronrich nuclei in the north-east part of the nuclear map. It is clear that a choice of appropriate combination of colliding nuclei for the production of specific neutron-rich isotopes is quite important.
At low-incident energies (low excitations) just a relief of the potential energy surface and, in particular, the shell effects play a very important role in the mass rearrangement not only in the fusion-fission processes but also in the deep inelastic collisions [20, 21] . These shell effects may also help us to produce the neutron-rich superheavy elements in damped collisions of transuranium nuclei, as was proposed in [22] . Here we repeat our calculation within the extended model taking into consideration the neutron and proton asymmetries separately instead of one mass-asymmetry parameter used before [22] . The potential energy surface of the giant nuclear system formed in the collision of 238 U and 248 Cm nuclei is shown in figure 6 . It is calculated within the two-center shell model for a configuration of two touching nuclei (with a fixed value of dynamic deformation β 2 = 0.2) depending on numbers of transferred protons and neutrons. The initial configuration of 238 U and 248 Cm touching nuclei is shown by the crosses.
From figure 6 one sees that in the course of nucleon exchange the most probable path of the nuclear system formed by 238 U and 248 Cm lies along the line of stability with the formation of SH nuclei which have many more neutrons as compared with those produced in the 'cold' and 'hot' fusion reactions. Due to fluctuations even more neutron-rich isotopes of SH nuclei may be formed in such transfer reactions. The yield of survived SH elements produced in the low-energy collisions of actinide nuclei is rather low, though the shell effects give us a definite gain as compared to a monotonous exponential decrease of the cross sections with increasing number of transferred nucleons. In figure 7 the calculated EvR cross sections for the production of SH nuclei in damped collisions of 238 U with 248 Cm at 800 MeV center-of-mass energy are shown along with available experimental data. As can be seen, really much more neutron-rich isotopes of SH nuclei might be produced in such reactions.
Neutron excess in the projectile should also be important if we want to produce neutronrich heavy nuclei. Therefore, we tested first the nucleon transfer probability in the near-barrier 48 Ca+ 208 Pb reaction. The calculated cross sections for the yield of target-like fragments (primary and coming to detector) are shown in figure 8 . As can be seen, the cross sections for multi-nucleon transfer reactions are really rather high in this reaction. Nevertheless, in spite of the large neutron excess of the projectile, in the low-energy collision of 48 Ca with 208 Pb we may expect a production of new neutron-rich nuclei only at the level of one microbarn or less.
For the production of heavy neutron-rich nuclei located along the neutron closed shell N = 126 (probably it is the last 'waiting point' in the r-process of nucleosynthesis), we propose to explore the multi-nucleon transfer reactions in low-energy collisions of 136 Xe with 208 Pb. The idea is to use the stabilizing effect of the closed neutron shells in both nuclei, N = 82 and N = 126, respectively (see figure 9) . The proton transfer from lead to xenon might be rather favorable here because the light fragments formed in such a process are well bound (stable nuclei) and the reaction Q-values are almost zero, for example, Q( 136 Xe + 208 Pb → 142 Nd + 202 Os) = −8.3 MeV. The landscape of the calculated cross sections for the yield of different reaction fragments in the low-energy collision of 136 Xe with 208 Pb is shown in the left panel of figure 10 , whereas the cross sections for the production of primary and survival heavy neutron-rich nuclei in this reaction at the energy E cm = 450 MeV which is very close to the Coulomb barrier (Bass barrier for this combination is about 434 MeV) are shown in the right panel of figure 10 . Figure 11 demonstrates the yield of nuclei with closed neutron shell N = 126.
Thus, our calculations demonstrate that the production of new heavy neutron-rich nuclei is quite possible in the multi-nucleon transfer processes of low-energy heavy-ion collisions. As can be seen from figure 10 several tens of new nuclides in the region of Z = 70-80 can be produced with a cross section of 1 microbarn which is much higher than the level reached at available experimental setups. The production and study of unknown nuclei along the closed neutron shell N = 126 (see figure 11 ) are especially important because of the great interest to shell effects in heavy nuclei with large neutron excess. Note once again that these nuclei can be produced neither in fission reactions nor in fragmentation processes (they are too heavy).
Quasi-fission decay of superheavy nuclear systems
It is well known that in quasi-fission decay of superheavy nuclear systems a lot of reaction fragments appear in the lead region [8] as a result of the corresponding deep valley ('cold' valley) on the potential energy surface [16] . Thus, this mechanism has also to be considered as a possible source for the production of neutron-rich heavy nuclei. The experimental study of the quasi-fission reactions was restricted up to now by the measurement of the mass distributions (time-of-flight technique) and we have no information on the yield of heavy neutron-rich nuclei in such processes. Also, there is no theoretical study of this problem because all theoretical models used for the description of the quasi-fission phenomena restrict themselves by the consideration of only mass asymmetry variable η instead of two independent collective coordinates η N and η Z .
Here we apply the model formulated above for the prediction of isotope distributions of the elements in the lead region formed in the quasi-fission decay of superheavy nuclear systems. The landscape of the calculated cross sections d 2 σ/dZdN for the production of primary heavy nuclei in the 48 Ca+ 248 Cm reaction (leading to the formation of the superheavy nucleus 296 116) at the center-of-mass energy of 210 MeV is shown in the left panel of figure 12 . As can be seen the enhanced yield of nuclei in the region of Z ∼ 80 and N ∼ 126 is really observed as a result of the corresponding deep 'cold' valley on the multi-dimensional potential energy surface. It is this effect which is usually named 'quasi-fission'.
The existence of this 'cold' valley is caused by the large Q-value-Q( 48 Ca + 248 Cm → 90 Kr + 206 Hg) = +119 MeV (!)-which, in turn, leads to the high excitation of the formed fragments. The landscape of the excitation energy distribution in the 48 Ca+ 248 Cm reaction at E cm = 210 MeV is shown on the right panel of figure 12 . Obviously, all the primary fragments in the region of Z ∼ 80 and N ∼ 126 (which is of most interest to us) have excitation energy of about 50 MeV and should evaporate no less than five neutrons to reach their ground states.
The calculated yields of the different isotopes of the elements with Z = 74-83 produced in the quasi-fission decay of the superheavy nuclear system formed in the collision of 48 Ca with 248 Cm at near-barrier energy E cm = 210 MeV are shown in figure 13 . Indeed in this reaction the heavy nuclei in the lead region with large neutron excess are really formed as primary fragments (the top panel of figure 13 ) with rather large cross sections at the level of 1 microbarn. However, a subsequent neutron evaporation cascade shifts all these nuclei back to the stability line (the bottom panel of figure 13 ). Only a few new neutron-rich isotopes may be produced in this process with rather low cross sections. 
Conclusion
In summary, we propose a new method for synthesis of unknown heavy neutron-rich nuclei located in the 'north-east' part of the nuclear map. The properties of these nuclei are extremely important for understanding the r-process of astrophysical nucleosynthesis of heavy elements. The study of the structural properties of nuclei along the neutron shell N = 126 would also contribute to the present discussion of the quenching of shell effects in nuclei with large neutron excess. This 'blank spot' of the nuclear map can be filled neither in fission reactions nor in fragmentation (or spallation) processes. Our calculations show that just the low-energy multi-nucleon transfer reactions can be used for the production of heavy neutron-rich nuclei. In particular, several tens of new isotopes of the elements with Z = 70-80 (also those located along the closed neutron shell N = 126) may be produced in the collision of 136 Xe with 208 Pb with cross sections higher than 1 microbarn. It is obvious that there are many other combinations of colliding nuclei. Uranium and thorium targets may be used, for example, for the production of new neutron-rich isotopes with Z 82. The use of accelerated neutron rich fission fragments (which hardly may be useful for the synthesis of superheavy nuclei in fusion reactions due to low cross sections) looks especially promising for the production of new heavy isotopes in low-energy multi-nucleon transfer processes.
Cross sections of 1 microbarn are quite reachable at the available experimental setups. However the identification of new heavy nuclei obtained in the multi-nucleon transfer reactions is a rather complicated problem. Most of these nuclei undergo β − decay. The atomic mass could be determined by the time-of-flight technique rather accurately. The identification of the atomic number of the heavy nucleus is more difficult. The same is true for the determination of its half-life, which is the most important property of the nuclei in the region of N ∼ 126 (last waiting point in the r-process). In principle, it could be done by the registration of the electron cascade in the β − -decay chain (coming from the same position) in coincidence with the gamma-rays of the daughter nuclei. Anyhow, the synthesis and study of these nuclei (important for many reasons) are a challenge for low-energy nuclear physics now and in near future.
